ABSTRACT We reanalyzed a dataset consisting of Ϸ10,700 crepuscular and night-biting female mosquitoes (Culicidae) collected over 12 mo in the canopy and understorey of primary Amazonian rain forest. We investigate whether vertical habitat stratiÞcation and rainfall modiÞed major ecological parameters of this mosquito ensemble, combining descriptive and hypothesis-testing statistics with species richness and diversity metrics in the analyses. A total of 31 species was recorded. Contrary to expectations, the host-seeking mosquito fauna was less diverse in the forest canopy than in the understorey. In particular, species diversity and evenness were higher in understorey samples, whereas species richness estimates were similar in both habitats. Only two out of 12 species tested for vertical stratiÞcation were clearly acrodendrophilic, and Þve preferred understorey habitats. The mosquito fauna was more diverse in the rainy than in the dry season. We propose the hypothesis that female mosquito density and host defensive behavior may promote host seeking in nonpreferred habitats by acrodendrophilic mosquito species. These results may be particularly relevant for understanding the dynamics of Plasmodium malariae/brasilianum and arboviral infections in Amazonian forested landscapes.
Hematophagous female mosquitoes (Diptera: Culicidae) act as vectors of infectious disease agents of humans and other animals. Several major parasites (such as those causing malaria or lymphatic Þlariasis) and arboviruses (such as dengue, yellow fever, or West Nile viruses) are transmitted by mosquito bites (Beaty and Marquardt 1996, Cook 1996) . The estimated global burden of human mosquito-borne infectious diseases reached 47.5 million disability-adjusted life years (DALYs) in 2001; this Þgure represented Ϸ15% of all DALYs lost because of infectious and parasitic diseases worldwide (Mathers et al. 2006) .
Nearly 200 arbovirus species are known to circulate in the Brazilian Amazon (Vasconcelos et al. 2001) , and over 500,000 cases of malaria are reported each year from the region (Tadei et al. 1998) . With a few exceptions (e.g., introduced Aedes aegypti L.), disease transmission cycles involve native mosquitoes, either when humans enter forest environments or because some local vector species successfully adapt to human landscapes (Tadei et al. 1998 , Vasconcelos et al. 2001 , Hutchings et al. 2005a ). However, and as for many other arthropod groups, the true diversity of mosquito species in the Amazon remains unknown. Of the 447 species known from Brazil (Foley et al. 2007) , Ϸ200 have been recorded in the Brazilian state of Amazonas (Natal et al. 1992 , Lourenç o-de-Oliveira and Luz 1996 , Luz and Lourenç o-de-Oliveira 1996 , Fé et al. 2003 , Hutchings et al. 2005a .
In the current study, we reassess a dataset consisting of Ϸ10,700 host-seeking female mosquitoes collected over 1 yr in both the canopy and understorey of a primary Amazonian rain forest (Lourenç o-de-Oliveira and Lourenç o-de-Oliveira 1996) . Moving beyond the original descriptive appraisal, we asked whether vertical habitat stratiÞcation and rainfall modiÞed major ecological parameters of this forest mosquito fauna. We combined descriptive and hypothesis-testing statistics with diversity metrics depicting species richness, heterogeneity, and evenness. Thus, we were able to provide a quantitative assessment of spatial and temporal variation in species diversity that was not presented in the original reports. In addition, and for the most common species, we formally tested whether and how canopy and understorey catches departed from random expectations; the results provide new information on species-speciÞc preferential host-seeking activity. Because of the greater host variety and biomass in the rain forest canopy (Erwin 2001 , de Thoisy et al. 2003 , we expected mosquito diversity and abundance to be higher in the canopy than in the understorey. We also ex-pected to observe an overall pattern in which freshwater mosquito diversity and abundance are strongly inßuenced by rainfall, reßecting the requirements of aquatic immature stages (Service 1993 , Bates 1949 . For instance, species that breed in still water pools (e.g., Anopheles forattinii [Wilkerson and Sallum] ) should become more abundant in the early dry season (Ds), whereas phytotelmata-breeding species (e.g., Hemagogus and several Sabethini) should beneÞt from heavy rain periods, and these differences should translate into distinct species diversity and abundance signatures.
Materials and Methods
Study Area and Data. The original data were gathered at the Samuel Ecological Station (8Њ 10ЈS, 62Њ 29ЈW), a permanently protected area of primary terra Þrme (nonßooded) rain forest in northwestern Amazonia (state of Rondô nia, Brazil). Mosquito collection was performed from August 1990 to July 1991 in three replicate sampling stations, Ϸ1 km from each other and consisting of one ground-level (understorey) and one canopy (tree platforms 15Ð17 m above ground) sampling points. Two collectors worked simultaneously in understorey and canopy habitats from 6 to 9 p.m., capturing specimens landing on their exposed legs with a manual aspirator. They switched positions in each sampling occasion. Captures occurred daily, except on heavy rain nights; at least three captures were conducted per week regardless of weather conditions. Further methodological details can be found in the original papers (Lourenç o-de-Oliveira and Lourenç o-de-Oliveira 1996) ; the dataset was complemented with unpublished information (S.L.B. Luz and R. Lourenç o-de-Oliveira), and is available in its Þnal form on request from the corresponding author. The designation An. mediopunctatus sensu lato used in Lourenç o-de-Oliveira and was changed here to An. forattinii (Wilkerson and Sallum 1999) , which is now known to be the dominant member of the An. mediopunctatus cryptic species group in northwestern Amazonia (see Sallum 1999, Hutchings and Sallum 2001) .
Data Analysis. Canopy and understorey records from the three sampling stations were treated as single pools to test habitat effects. Four rainfall classes (see Table 1 ), each encompassing three calendar months, were deÞned to test rainfall effects on the host-seeking mosquito fauna. Following analytical procedures recommended by Krebs (1989) , diversity was assessed by combining measures of species richness (absolute number of species), heterogeneity (based on the number of species and their relative abundance), and evenness (how individuals are distributed among species). Individual-based rarefaction curves were used to estimate and compare both the absolute number (S R , species richness) and the density (S D ) of mosquito species between habitats and among rainfall classes (Gotelli and Colwell 2001) ; in our case, S D corresponds to the observed number of species in each spatial (canopy/understorey) or temporal (rainfall) sample. Rarefaction-based estimates and 95% conÞdence intervals (CIs) were computed with the software Analytical Rarefaction 1.3 (Holland 2003) . The Shannon diversity index (denoted H') was used as a measure of community heterogeneity (Krebs 1989) ; evenness was estimated as E' H ϭ H'/H max , where H max ϭ lnS D . Mosquito species were ranked by their log-transformed abundance (deÞned as the number of individuals captured in a given rainfall class or habitat) to assess how individuals were distributed among species in the spatial and temporal scales under consideration. These relationships were graphically represented in "rank log-abundance plots" (Krebs 1989) . The Þt of the data to a log-normal curve was tested by means of Lilliefors tests computed in SYSTAT 8.0 (SPSS Inc.); Þt measures included the maximum absolute difference between empirical and theoretical distributions ("max-dif") and P values derived from a goodness-of-Þt Kolmogorov-Smirnov test (Zar 1999) . A good Þt to a log-normal curve indicates that just a few species are either extremely abundant or extremely rare, with the majority of them appearing with intermediate abundance values; it has been suggested that this is the expected pattern for well-sampled species ensembles that are at equilibrium with respect to niche space (Sugihara et al. 2003) . However, a better Þt to the log-series emerges when several species are rare in the assemblage, while only a few are abundant (Krebs 1989 , Magurran 1996 , 2004 . Finally, and for the 12 most abundant species, we compared log-abundance in canopy and understorey catches with paired (by month) t-tests or nonparametric rank-sum tests with a blocking variable (month) when normality or homoscedasticity were dubious; these tests were implemented in JMP 4.0.2 (SAS Institute, Cary, NC).
Results
A total of 10,649 host-seeking female mosquitoes (Culicinae and Anophelinae) was collected, and 31 species within 11 genera were identiÞed (Lourenç ode-Oliveira and Lourenç o-de-Oliveira 1996) . The most abundant species were An. forattinii (46.7% of all catches), Ae. fulvus (Wiedemann) (8.6%), An. shannoni Davis (8.1%), An. nuneztovari Gabaldon (7.0%), Ae. pennai Antunes and Lane (4.5%), and Psorophora dimidiata Cerqueira (4.3%). Spatial Variation: Canopy and Understorey HostSeeking Mosquitoes. Species diversity (H') and evenness (E' H ) were both higher in understorey than in canopy samples, whereas species density estimates were identical (S D ϭ 29) ( Table 2 ; Fig. 1 ). Twentyseven species (87%) were shared by both habitats, and all four species unique to a single habitat were represented by only one individual. Total abundance was higher in the canopy (Nc ϭ 6,585 individuals) than in the understorey (Nu ϭ 4,064) ( Table 1) . Individualbased rarefaction curves suggested that, for equal sample sizes, species richness (S R ) might be slightly lower in canopy than in understorey habitats, but 95% CIs consistently overlapped across x-axis values (number of individuals) (Fig. 1) .
Rank log-abundance plots showed that 83% of canopy species were represented by Ͻ100 individuals, and 34.5% by Ͻ10 individuals (Fig. 2) . These proportions were lower for understorey samples (62% and 31%, respectively), resulting in a different curve shape for each habitat. Canopy abundance (log-transformed) data Þtted a log-normal distribution (Lilliefors test max-dif ϭ 0.117; Kolmogorov-Smirnov P ϭ 0.756) better than understorey data did (max-dif ϭ 0.146; P ϭ 0.114). The number of singletons (rare species represented by a single individual) was identical in both habitats (Fig. 2) .
Higher host-seeking mosquito abundance in the canopy was largely because of An. forattinii (4,276 individuals, or 65% of all canopy catches). An. forattinii was the most abundant mosquito also in the understorey (700 individuals), but contributed only 17.2% to the total number of specimens caught in this habitat. Paired tests suggested that An. forattinii and An. shannoni were the only truly acrodendrophilic (canopyfeeder) species in our sample. Putative understoreyspecialist taxa were Ae. serratus, Culex bastagarius Dyar and Knab, Culex (Melanoconion) spp., Ps. dimidiata, and Coquillettidia lynchi (Shannon). Ae. fulvus was almost equally abundant in both habitats; a similar pattern of no habitat use bias was recorded for other species in four genera. These results are summarized in Table 3 .
Temporal Variation: Host-Seeking Mosquitoes and Rainfall. Mosquito catches varied markedly among rainfall classes, ranging from 759 (Early rainy season, ERs) to 5,649 individuals dry season (Ds) ( Table 1) . Rarefactionbased species richness and density estimates were also signiÞcantly affected by precipitation (Fig. 3) Bold Þgures denote signiÞcantly higher abundance values (after paired t-tests or nonparametric rank-sum tests with a blocking variable ͓month͔ on log-transformed data), interpreted here as evidence of habitat specialization. N-PH use denotes the pattern of use of non-preferred habitats by putative specialist taxa; the overall percentage of host-seeking females in the N-PH during high-and low-density periods (see text for details) is given for species showing a density-related pattern, and a brief description of other patterns is given for the rest of species. Further indications that weather inßuences mosquito fauna structure were obtained from rank logabundance plot analysis (Fig. 2) . The shape of the log-transformed abundance curves varied noticeably among rainfall classes: it was nearly linear in Is (Lilliefors test, max-dif ϭ 0.136; Kolmogorov-Smirnov P ϭ 0.484) and ERs (max-dif ϭ 0.129; P ϭ 0.446), and approached a log-normal distribution in LRs (maxdif ϭ 0.092; P ϭ 0.881) and Ds (max-dif ϭ 0.117; P ϭ 0.577).
Host-Seeking Mosquito Density and Height Preferences. We preliminarily explored the possible effects of species-speciÞc density on the proportion of hostseeking mosquitoes caught in nonpreferred habitats. For this tentative assessment, we selected the seven species that showed a signiÞcant habitat preference in the vertical gradient (see Table 3 and above). We considered two alternative scenarios: active habitat shift and passive spill-over. In the Þrst case, females of habitat-specialist taxa actively search for food in nonpreferred habitats during high-density periods, when the amount of blood available per individual is lower (e.g., because of increased bite-related irritability of hosts) (Edman and Scott 1987 , Sota et al. 1991 , Kelly 2001 , Darbro and Harrington 2007 . Thus, the proportion of catches in nonpreferred habitats should increase in periods of higher density. In the second case, the proportion of host-seeking mosquitoes in the nonpreferred habitat would remain stable whatever the number of catches in the preferred habitat. For An. forattinii, understorey (nonpreferred habitat) monthly catches increased proportionally to canopy catches only at low density values; when canopy catches were Ͼ450 individuals, the fraction of hostseeking females caught in the nonpreferred habitat was disproportionately large (Fig. 4) , reaching 22.7% in the mid-Ds (July) versus a maximum of 14.5% in low-density months (February). Overall, the proportion of An. forattinii catches at ground level was almost double (16.6%) during high-density periods (catches Ͼ500 individuals/mo) than during low-density periods (8.8%). Similar but weaker patterns were detected for Ae. serratus (Theobald) (high-density period deÞned as catches Ͼ75 individuals/mo) and An. shannoni (high-density period, catches Ͼ195 individuals/mo) ( Table 3) . Cx. bastagarius catches in preferred and nonpreferred habitats were roughly proportional, suggesting spill-over. Both Ps. dimidiata and Cq. lynchi tended to use nonpreferred (canopy) habitats during certain rainfall classes, independently of abundance patterns. Culex (Melanoconion) spp. seemed to appear in canopy catches in a nearly random way, which may be because of the inclusion of two or more cryptic entities within this taxon.
Discussion
Our reassessment revealed some patterns of variation that went unnoticed in the original analyses, and conÞrmed others. Our quantitative appraisal included both culicine and anopheline species, which were treated separately in the original reports (Lourenç ode-Oliveira and Lourenç o-de-Oliveira 1996) ; this allowed for a more comprehensive Fig. 1 . Individual-based rarefaction curves for canopy and understorey mosquito species (solid black lines) and 95% CL (gray lines). Species density is the estimated number of species in each habitat. Species richness (estimated number of species in each habitat given equal sample sizes) was rareÞed to the number of individuals of the habitat with lowest mosquito abundance (understorey). a ϭ species richness estimate for canopy mosquitoes; b ϭ observed species density for understorey mosquitoes; c ϭ observed species density for canopy mosquitoes. assessment of spatial and temporal variation in this guild of host-seeking mosquitoes, many of which can transmit human pathogens. Thus, for instance, we show that only a few species have a clear preference for host seeking in the forest canopy, and present formal statistical support for this interpretation. We also show that species diversity, contrary to expectations, tends to be lower in the canopy than in the understorey. Our numerical estimates of species richness and diversity (with the corresponding measures of uncertainty) open the possibility of comparative analyses with similar datasets from other locations and periods (Gotelli and Colwell 2001) .
The effects of rainfall on mosquito abundance and richness were evident in our dataset. Diversity was higher (as measured by S R and H') during the rainy season, when no species was clearly dominant. Species-speciÞc abundance patterns support the idea that seasonality is the main driver of variation in the composition and structure of mosquito fauna in Amazonian rain forests (Consoli and Lourenç o-de-Oliveira 1994 , Lourenç o-de-Oliveira and Luz 1996 , Luz and Lourenç o-de-Oliveira 1996 , Tadei et al. 1998 , Forattini 2002 . These patterns are probably related to the availability of larval habitats, such as clean slow-running streams and ponds for most anophelines (including An. forattinii), temporary pools for many Culex species (including Cx. bastagarius), and small water collections on the ground or phytotelmata for many Aedini (including Ae. serratus and Ae. fulvus) (Consoli and Lourenç o-de-Oliveira 1994 , Hutchings and Sallum 2001 , Forattini 2002 . Rainfall patterns are also expected to be important for species (such as several Aedini) whose drought-resistant eggs only hatch after the end of the Ds; the reproduction of newly emerged adults leads to a peak of abundance in the LRs (Consoli and Lourenç o-de-Oliveira 1994, Forattini 2002) .
Vertical stratiÞcation of the rain forest mosquito fauna is expected to result from vertical variation in habitat traits. For instance, in tropical broadleaf forests there are light, temperature, and humidity vertical gradients; larval habitats, hosts, and resting sites are also differ across forest strata (e.g., Bates 1949 , Yanoviak 1999 . The amount (Erwin 2001, Haugaasen and Peres 2007) and diversity of vertebrate hosts available to female mosquitoes should be higher in the forest canopy (de Thoisy et al. 2003) . We expected this higher resource diversity to result in a larger number of canopy-specialist species. Overall, our analyses showed no differences in the number of mosquito species caught in each habitat; richness and density estimates were similar or identical, and 87% of all mosquito species were collected in both canopy and understorey habitats. The data nonetheless suggested vertical variation in species composition: both H' and H' E values indicated that, despite higher absolute abundance, the host-seeking mosquito fauna may be less diverse in the forest canopy, where only Þve species were represented by over 100 individuals, versus 11 in the understorey. Rank log-abundance plots indicated that canopy catches match a log-normal distribution better than understorey catches do. Only two species (An. forattinii and An. shannoni) were clearly acrodendrophilic in our dataset, while Þve species were caught preferentially in the understorey. As a whole, these results suggest that blood-seeking females of a few, abundant mosquito species exploit Fig. 3 . Individual-based rarefaction curves for mosquito species in each of four rainfall classes. Species density is the estimated number of species in each rainfall class. Species richness (estimated number of species in each rainfall class given equal sample sizes) was rareÞed to the number of individuals of the rainfall class with lowest mosquito abundance (ERs). Encircled letters indicate species richness (a, b, c, and d) and species density (e, f, and g) (see Table 2 ). Species richness and density values are the same in ERs (c) (see text and Table 1 for details).
Fig. 4.
Relationship between canopy and understorey monthly catches of An. forattinii host-seeking females. Understorey (nonpreferred habitat) catches increase proportionally to canopy catches only at low values (Ͻ500 individuals/mo). At higher values, the proportion of female mosquitoes in the nonpreferred habitat becomes disproportionately large.
habitat resources (hosts and, perhaps, also nectar sources and mating or resting sites) very efÞciently in the canopy. However, understorey species composition, with more specialist taxa, and patterns of relative abundance, with no clearly dominant species, suggest that the partitioning of resources among species is more homogeneous in this habitat (Sugihara et al. 2003 , Magurran 2004 . The relative rarity of habitatspecialized taxa (particularly canopy specialists) was unexpected and calls for further investigation.
Adult mosquitoes ßy across vertical forest strata (e.g., Deane et al. 1984) . A host-seeking female mosquito can be attracted to a potential blood source at ranges between 7 and 30 m, and mosquito trap performance is known to vary with bait size (Service 1993) . Vertical mobility may therefore be enhanced by the presence of a large potential blood source such as a human being (Forattini et al. 1968 ). This effect can weaken the signal of vertical stratiÞcation in forest mosquito datasets, and obviously has a bearing on disease transmission dynamics. Plasmodium brasilianum (Gonder and von Berenberg-Gossler, 1908 ) is transmitted among platyrrhine monkeys by forest anophelines (Lourenç o-de-Oliveira and , Fandeur et al. 2000 . This parasite may infect humans too, causing quartan malaria (Contacos et al. 1963) ; there is currently solid evidence that P. brasilianum and P. malariae (Laveran, 1881) should be considered as a single taxon (see Fandeur et al. 2000) . Our data show how one proven vector (An. forattinni) (Klein et al. 1991a,b; see Wilkerson and Sallum 1999) and one potential vector of this parasite (An. shannoni, a suspect vector of simian malaria; see Lourenç o-de-Oliveira and Luz 1996) may leave their preferred (canopy) habitats and bite humans, suggesting that they can contribute to P. brasilianum/malariae transmission to humans in the Amazon (Scopel et al. 2004) . Hemagogus spp., also considered canopy specialists (Pinto et al. 2009 ), maintain sylvatic yellow fever and Mayaro virus transmission among forest monkeys; however, the pathogens sporadically reach humans who walk into forested areas, probably because the vectors can also bite at ground level (Vasconcelos et al. 2001) . Serological evidence suggests that there is a vertical gradient of yellow fever and Mayaro virus transmission intensity in the Amazon, with higher infection rates in canopy mammals (Talarmin et al. 1998 ), but ground-dwelling animals (such as the redrumped agouti) can also be infected (de Thoisy et al. 2003) . We speculate that a relationship may occur between female mosquito density and host-seeking in nonpreferred habitats, perhaps mediated by host defensive behavior (Kelly 2001, Darbro and Harrington 2007) .
In conclusion, most published studies on Amazonian mosquito vectors are merely descriptive (but see Nagm 2007 , Johnson et al. 2008 . Our results illustrate how assessing subtle changes in a highly diverse fauna ensemble may beneÞt from the joint consideration of single-Þgure metrics (e.g., H', H' E ), graphic analyses (e.g., rarefaction curves and rank log-abundance plots), and model Þtting (Krebs 1989, Gotelli and Colwell 2001) . The results may be particularly relevant for understanding the life history of P. brasilianum/malariae (Scopel et al. 2004 ) and arboviruses (Vasconcelos et al. 2001 ) in forested landscapes. These and other vector-borne disease agents are of special concern in Amazonia, where humans live in close contact with potential pathogens and their hosts, vectors are abundant and hyper-diverse, and anthropogenic disturbance of the rain forest is increasing. In this situation, disease emergence (particularly of vector-borne zoonotic diseases) seems virtually unavoidable (Jones et al. 2008 ). We foresee that ecological studies on forest mosquito vectors will play a key role in enhancing our understanding of the fundamental drivers of disease emergence in the Amazon.
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